recoveries of added calcium were obtained from plasma, urine, and faeces using the diluent described above. Results on urine and faeces correlated closely with those obtained by an EDTA titration method. Results on plasma were consistently 2% higher by flame photometry than by EDTA titration.
Other methods of calcium determination, depending on the use of radiation buffers or standard addition, were found to be unsatisfactory because of variable interference by phosphate at different calcium levels.
The measurement of calcium in biological materials by flame photometry is more difficult than that of sodium and potassium because of its lower emission energy and more serious interference by contaminating substances. The first difficulty can be overcome by using a high flame temperature, a prism monochromator, and a sensitive detector. Instruments incorporating these features permit the use of the weak calcium line at 422-7 m,u where interference is less than using the calcium oxide bands at 554 m,u and 622 m,u. Even at 422-7 m,u, however, there are three important sources of interference as follows:
(I) Background (direct) interference: using a prism monochromator, this is due mainly to heterochromatic spectral radiation by sodium and potassium, only a fraction being due to scattered light.
(2) Enhancement or depression of calcium emission (indirect interference): the emission by calcium itself is enhanced by sodium and potassium and depressed by certain anions, notably phosphate and sulphate.
Received for publication 21 November 1960. (3) Alteration of the physical properties of the solution because the quantity and dispersal of the spray reaching the flame may be influenced by differences in viscosity and surface tension due to protein and other organic compounds. Many procedures for measuring calcium by flame photometry involve prior separation of calcium from interfering substances by precipitation of calcium oxalate (Powell, 1953; Chen and Toribara, 1953; Butterworth, 1957; Woollen and Walker, 1959) or by means of a cation exchange resin (Brabson and Wilhide, 1954; Denson, 1954; Jackson and Irwin, 1957) . These preliminary steps are time-consuming and have errors of their own, thus combining disadvantages of other methods for calcium determination with those of flame photometry, while losing the simplicity of the latter.
Apart from the separation of calcium from interfering substances, many methods have been introduced to control their effects, but none has been generally accepted. The complexity of interfering effects makes the calculation of correction factors 463 (Severinghaus and Ferrebee, 1950) impracticable. Synthetic standards (Chen and Toribara, 1953; MacIntyre, 1954; Teloh, 1958) , with a composition similar to that of the solutions analysed, cannot be used when the composition of the materials is widely variable. Internal standards (Baker, 1955) are of only limited value because few sources of interference affect calcium emission and that of the internal standard proportionately.
Background correction (Vallee, 1954; Margoshes and Vallee, 1956 ) is made by subtracting readings taken at wavelengths near the analytical wavelength from those taken at the analytical wavelength. This accounts for direct interference, but indirect interference effects present much greater difficulty.
Radiation buffers (Severinghaus and Ferrebee, 1950; Maclntyre, 1957) , which incorporate an excess of interfering ions, can control sources of indirect interference which have no increased effect above certain concentrations of the interfering substance or which have a plateau region over a restricted range.
In the determination of magnesium, anion interference has been controlled (West and Cooke, 1960; Fawcett and Wynn, 1961) by adding a large excess of ethylene diamine tetra-acetic acid (EDTA). West and Cooke (1960) found that EDTA could also be applied in this way to the determination of calcium but that the excess had to be very much greater, 160-fold instead of 10-fold. They used the disodium salt of EDTA, from which the high background emission is a serious disadvantage, particularly with instruments not equipped for automatic spectral scanning.
The standard addition method (Rothe and Sapirstein, 1955) may be used when the relationship between concentration and emission is linear, and sources of indirect interference have the same proportional effect upon standard calcium added to diluted samples as upon the calcium already present. The original concentration is thus calculated from the equation: calcium in sample emission by sample calcium added increase in emission due to calcium added We investigated the use of radiation buffers and the standard addition procedure but, as reported below, neither was found satisfactory for our purpose. Mitchell and Robertson (1936) reported that high concentrations of strontium released calcium emission from the inhibitory effect of aluminium. Willis (1960) , measuring calcium by atomic absorption spectroscopy, used strontium chloride to control phosphate interference, and we tested its use for the same purpose in flame photometry. We also explored the potentialities of other compounds and achieved the best results with magnesium sulphate, which is readily available in a calcium-free state.
Since we completed our investigation on a method of releasing calcium emission from anion interference, Dinnin (1960) has reported results of an investigation on alkaline earth and rare earth elements, and iron, yttrium, and scandium as releasing agents, and he has proposed an explanation for their mode of action. was to be determined, ashing was at 420 to 450°because of loss of magnesium at higher temperatures (Fawcett and Wynn, 1961) . The ash was dissolved by careful boiling with I ml. of I 0 N. hydrochloric acid, transferred quantitatively and diluted to 100 ml. This solution was further diluted 1: 50 to 1: 10, according to the expected calcium concentration.
GALVANOMETER READINGS When special diluting solutions were used, standard calcium solutions were diluted in the same diluent as the samples, and this diluent was also used for zero-setting the galvanometer. Blank and standard readings were checked between every two or three readings of unknowns. Each dilution was read at least three times, and more often if any reading differed by more than I % from the mean.
INTERFERENCE BY SODIUM AND POTASSIUM The effects of sodium were observed by adding various concentrations of spectroscopically pure sodium chloride to deionized water and to solutions containing 0 05 mM and 0-10 mM calcium chloride.
Sodium interference was of two kinds: direct interference due to spectral radiation by sodium in the region of the calcium line, and indirect interference due to enhancement of calcium emission by sodium. It was found that direct interference by sodium was proportional to its own concentration and represented about 0-04 % of the emission from equimolecular concentrations of calcium, under the conditions of the investigation. Ten mM sodium chloride gave identical readings at 422-7 mju, 418 mz, and 428 mju, and readings at the latter two wavelengths were unaffected by calcium emission. In contrast to the direct interference, the enhancement interference at any stated sodium level was directly proportional to calcium concentration. As the sodium concentration was raised, the percentage enhancement rose to a maximum of 9% at 1 mM, remaining at this percentage for sodium concentrations at least as high as 10 mM. This is shown in Fig. 1 .
The interference effects of potassium were similar to those of sodium, and direct interference was corrected in the same way. In the presence of 2 mM sodium chloride, as a radiation buffer, there was no further enhancement of calcium emission by added potassium up to 5 mM.
In subsequent investigations, direct interference was excluded by subtracting the mean of readings at 418 mj. and 428 mi& from readings at the calcium line, 422-7 m1A.
Indirect interference by sodium and potassium was controlled by incorporating 2 mM NaCl in all standards and sample dilutions.
INTERFERENCE BY PHOSPHATE AND SULPHATE The effects of phosphate were observed by adding spectroscopically pure sodium dihydrogen phosphate to the solutions, and excluding the effects of sodium.
At any stated calcium concentration between 0-02 and 0-2 mM, the depression of calcium emission by phosphate was constant within the range 0 5 to 10 mM phosphate. The percentage depression of calcium emission by phosphate increased, however, with calcium concentration. Added phosphate thus distorted the linear relationship between calcium concentration and emission, as shown in Fig. 2 shows that the increase (E1 -EO) in emission when the concentration was raised by 0-05 mM was usually substantially greater than the additional increase (E2 -E1) on raising the concentration by a further 0 05 mM. These findings were consistent with the earlier observations that, in the presence of phosphate, calcium emission was no longer proportional to concentration.
CALCIUM RELEASE METHOD Phosphate interference in calcium emission was investigated with solutions diluted in 10 mM SrCl2, 2 mM NaCl, and in 10 mM MgSO4, 2 mM NaCl. Calcium emission was depressed by about 4% by 0-5 mM phosphate in the former diluent but was not depressed at all in the latter. Table II shows the release of calcium emission from the depressing effect of phosphate when the diluent contained 10 mM magnesium sulphate. When the concentration of phosphate was raised above 2 mM, however, calcium emission decreased rapidly, and depression was very much greater than that caused by phosphate in the absence of magnesium sulphate. Determination of calcium by flame photometry 0-10 mM calcium. The only occasion when calcium concentration and emission were not proportional was when phosphate was added in' the absence of magnesium sulphate. In the presence of magnesium sulphate, however, even when phosphate concentration was so high that calcium emission was depressed, the percentage depression was the same at both calcium levels.
When a diluting solution containing 10 mM MgSO4, 2 mM NaCI, was used, calcium emission was proportional to concentrations at least as high as 0-4 mM, the highest concentration which could be measured at the slit width of 0-08 mm. The calibration curve is shown in Fig. 3 .
The background readings at 418 mp and 428 miz were usually about 2 % of the readings at 422-7 mHt for plasma and urine, but were usually negligible for faeces.
PLASMA VISCOSITY The effect of the viscosity of 1: 50 dilutions of plasma on the results obtained was tested by comparing the rate of uptake of diluted plasma into the atomiser with that of standard solutions, and by comparing calcium results obtained with and without prior ashing of the plasma. The rate at which 1: 50 plasma dilutions were drawn into the atomiser was found to be 3 % less than the uptake rate of standard solutions. When seven samples of plasma were analysed both directly and after ashing, calcium emission from the unashed samples was an average of 3-6% (S.D. 1-6%) less than the emission after ashing them.
The possibility that the lower surface tension of diluted plasma, compared with standard solutions, might affect the proportion of the aerosol reaching the flame was also investigated. A surface-active agent (Pluronic F 68) was added to a standard calcium solution to reduce the surface tension well below that of diluted plasma. Calcium emission in the flame, however, was not affected.
The physical properties of plasma dilutions thus depressed observed calcium results by 3 to 3-6%, with the instrument used by us. A 3 % correction factor was selected and the validity of this is supported by the results of the recovery experiments reported below, in which this correction factor was used.
RESULTS

RECOVERY EXPERIMENTS USING CALCIUM RELEASE
METHOD Recovery experiments were carried out on 16 samples of plasma, 15 of urine, and 14 of faeces. Samples were prepared as described above, incorporating 1 ml. of a stock solution of 0-5 M MgSO4, 0-1 M NaCl, in each 50 ml. dilution. Dilutions were prepared in parallel, with the inclusion of known quantities of calcium. In the recovery experiments on faeces, calcium was added sometimes before ashing and sometimes afterwards, the results being reported separately. The experimentally determined viscosity factor was used in calculations of recoveries from plasma.
Results of the recovery experiments are reported in Tables III, IV , and V. Mean recoveries were 100-1% for plasma, 100-5% for urine, 99-1% for faeces to which calcium was added before ashing, and 100-2% for faeces to which calcium was added after ashing. Standard deviations were less than 2 %. COMPARISON BETWEEN RESULTS OBTAINED BY CALCIUM RELEASE METHOD AND BY EDTA TITRATION The results of 26 calcium determinations on plasma, 10 on urine, and 11 on faeces obtained by flame photometry using the 10 mM MgSO4, 2mM NaCl, diluent were compared with those obtained by titration with EDTA. The method for plasma was direct titration at pH 12 with automatic detection of the end-point (Wootton and Haslam, to be published).The method for urine and faeces was the back-titration of a measured excess of EDTA with a standard calcium solution at pH 12 using a calcein-thymolphthalein indicator.
Results of this comparison are recorded in Tables VI, VII, and VIII. Values for plasma were consistently 2 % higher by flame photometry than by titration, but the differences with urine and faeces were small and unsystematic. The effect of phosphate in distorting the linear relationship between calcium emission and concentration was noted by Jackson and Irwin (1957) . The data of Baker and Johnson (1954) Fig. 7 shows a linear relationship between calcium emission and concentration. Other workers (Chen and Toribara, 1953; Denson, 1954; Margoshes and Vallee, 1956; Maclntyre, 1957; Teloh, 1958) Of the known methods of controlling indirect interference effects in flame photometry, the use of radiation buffers or the addition of standard calcium to the samples, seemed to us the most hopeful. We found, however, that calibration curves using radiation buffers in the presence of phosphate were difficult to reproduce on different occasions, an effect which we attributed to variations in flame conditions. The standard addition method also proved unsound because of the non-proportionality of calcium concentration and emission in the presence of phosphate. Further disadvantages of this method were the superimposition of errors because of its dependence upon differences between large values, and the necessity to prepare a standard for each sample, even in a large series.
In the method presented here, calcium emission was released from depression by phosphate by the addition of a large excess of magnesium sulphate. This also eliminated any effect on calcium emission by the much smaller quantities of sulphate and magnesium ions already in the samples. When 10 mM MgSO4, 2 mM NaCl was used for zero-setting and dilution of standards and samples, and when simple corrections were made for direct background interference and viscosity effects, the results obtained on biological materials were independent of variations in the concentration of interfering substances likely to be encountered.
3 Dinnin (1960) has published a comprehensive report on releasing effects in flame photometry. Although he used strontium and praseodymium and not magnesium salts in quantitative analysis for calcium, he drew attention to the potentialities of magnesium in this connexion, particularly because of its low background emission in the region of the calcium line.
Dinnin's explanation of the mechanism of releasing effects is based upon chemical equilibria in the evaporating droplets of solution, involving an exchange of anions between calcium and the releasing cation. Two of our observations seem inconsistent with this explanation. Although magnesium was added in the form of the sulphate, there was no depression of calcium emission. In the presence of 10 mM magnesium sulphate, there was a sudden and large depression of calcium emission when the concentration of phosphate was raised above 2mM, and this occurred at calcium concentrations of both 0-05 mM and 0-10 mM. This behaviour seemed more consistent with stoichiometric reactions involving magnesium and phosphate ions, in which calcium played no direct part, than with the displacement of equilibria. These theoretical aspects of calcium release are being investigated further. 
